Abstract Low frequency electromagnetic induction (EMI) is becoming a useful tool for soil characterization due to its fast measurement capability and sensitivity to soil moisture and salinity. In this research, a new EMI system (the CMD mini-Explorer) is used for subsurface characterization of soil salinity in a drip irrigation system via a joint inversion approach of multiconfiguration EMI measurements. EMI measurements were conducted across a farm where Acacia trees are irrigated with brackish water. In situ measurements of vertical bulk electrical conductivity (r b ) were recorded in different pits along one of the transects to calibrate the EMI measurements and to compare with the modeled electrical conductivity (r) obtained by the joint inversion of multiconfiguration EMI measurements. Estimates of r were then converted into the universal standard of soil salinity measurement (i.e., electrical conductivity of a saturated soil paste extract -EC e ). Soil apparent electrical conductivity (EC a ) was repeatedly measured with the CMD mini-Explorer to investigate the temperature stability of the new system at a fixed location, where the ambient air temperature increased from 26 C to 46 C. Results indicate that the new EMI system is very stable in high temperature environments, especially above 40 C, where most other approaches give unstable measurements. In addition, the distribution pattern of soil salinity is well estimated quantitatively by the joint inversion of multicomponent EMI measurements. The approach of joint inversion of EMI measurements allows for the quantitative mapping of the soil salinity distribution pattern and can be utilized for the management of soil salinity.
Introduction
In arid and semi-arid regions, soil salinity is a major issue due to its impact on agro-ecosystems, agricultural productivity and sustainability. High levels of soil salinity adversely affects plant growth and crop yield, soil and water quality, and can ultimately result in soil erosion and land degradation [Allbed and Kumar, 2013] . As a major environmental concern, it is essential to monitor and map soil salinity at an early stage to effectively use soil resources and maintain soil salinity levels below the salt tolerance of crops. To do this, the standard procedure to estimate the soil salinity of a soil sample is to measure the electrical conductivity of saturated soil paste extracts (i.e., EC e ) [Bower and Wilcox, 1965; Rhoades et al., 1999] . However, the EC e method is time-consuming, labor intensive, subject to analyst error and/or experience in the preparation of the saturated paste, and is often costly for performing large-scale field inventories and monitoring. In this respect, geophysical methods such as electrical resistivity (ER) and low frequency electromagnetic induction (EMI) present as promising techniques to map the distribution of soil salinity at the field scale with a high spatial resolution [Adamchuk et al., 2004] .
In the ER method, the Wenner electrode configuration has been successfully used for soil salinity assessment, in which four electrodes are equidistantly spaced in a straight line at the soil surface, with the two outer electrodes serving as the current and the two inner electrodes serving as the potential electrodes [Rhoades et al., 1999] . A number of investigations have compared ER and EMI systems over a range of agricultural settings. For instance, Fritz et al. [1999] and Sudduth et al. [2003] showed similarities in mapping patterns and high
In the last few decades, EMI techniques have been used increasingly to estimate soil salinity [Lesch et al., 1995; Triantafilis et al., 2000; Corwin et al., 2006; Ganjegunte et al., 2014] . EMI instruments measure the soil apparent electrical conductivity (EC a ), which represents a weighted average of the electrical conductivity distribution over a certain depth range. Measurements can be performed using two different coil orientations, defined as the horizontal coplanar loop (HCP) and vertical coplanar loop (VCP). Given the low induction number condition, Mester et al. [2011] showed that most information about the subsurface can be obtained by using different coil orientations, while different offsets have intermediate impact on the EMI response and changing frequencies (8-15 KHz) have a minor influence. Furthermore, the in-phase conductivity of the complex conductivity is frequency independent in the 1-100 kHz frequency range [Borner, 2006; Revil, 2012; Revil et al., 2014] . In nonsaline soils, EC a variations are primarily a function of soil texture, moisture content, and cation exchange capacity [Rhoades et al., 1976; Sudduth et al., 2003] . However, in saline soil, the predominant mechanism causing the accumulation of salt in irrigated agricultural soils is loss of water through evaporation [Ershadi et al., 2014] , leaving ever increasing concentrations of salt in the soil. Soil salinity is generally the soil property that dominates the EC a measurement [Corwin and Lesch, 2005b ]. An excellent review of the theoretical developments of EMI methods considering the near surface can be found in Everett [2012] .
Numerous inversion approaches have been developed to obtain vertical variations of subsurface electrical conductivity using EMI systems [Borchers et al., 1997; Santos, 2004; Jardani et al., 2007; Rudolph et al., 2015] . For instance, Li et al. [2013] map the three-dimensional variation of soil salinity in a rice-paddy via the inversion of EC a measured with the Geonics EM38 system. Due to the sensitivity of the instruments to calibration, one of the main limitations of the EMI technique is to obtain quantitative measurements of EC a . A number of studies have also pointed out the lack of consistency of current methods to measure EC a at the field scale [Lavoue et al., 2010; Moghadas et al., 2012] . However, obtaining precise EC a values from EMI measurements is a prerequisite for inverse modeling. For decades, the lack of appropriate calibration methods hindered the development and application of quantitative EMI inversions. In addition, the inverse problem usually suffers from nonuniqueness issues and the inherent complexity of the objective function to optimize. To address this problem, Minsley [2011] used a 1-D electromagnetic model and proposed a trans-dimensional Bayesian Markov Chain Monte Carlo (MCMC) algorithm for model assessment and uncertainty analysis of frequency domain electromagnetic induction data.
In this paper, we performed joint-inversion of multi-offset, multi-orientation EMI measurements, collected using a CMD Mini-Explorer probe, to estimate the distribution pattern of soil salinity in a farm where Acacia trees were irrigated with brackish water via a drip irrigation system. We calibrated the measured EC a using field information collected in situ and with capacitance sensors (i.e., 5TE Decagon probe). An electromagnetic forward model based on the full solution of the Maxwell's equation was used as the EMI measurements were collected under conditions of high induction number (EC a > 100 mS/m). The sensitivity of the model with respect to the different retrieved parameters was investigated by utilizing the response surfaces of the objective function. Furthermore, a fixed point drift experiment was performed in field conditions to test the stability of the CMD-Mini explorer probe to temperature fluctuations. Finally, we related the modeled true electrical conductivity (r) to soil salinity by establishing a relationship between bulk electrical conductivity (r b ) measured by the capacitance sensor and the electrical conductivity of a saturated soil paste extract.
Methods and Experimental Setup

Electromagnetic Forward Model
There are two low frequency EMI forward models that can be employed to calculate apparent electrical conductivity from measured depth profile electrical conductivity. The most commonly used approach is the local-sensitivity model introduced by McNeill [1980] , which is based on the commutative response of the subsurface. This approach is valid under the low induction number condition. The second approach corresponds to the Maxwell-based full solution for the magnetic field measured over a horizontal layered medium given by Keller and Frischknecht [1966] and Anderson [1979] . Due to increased computational power, improved forward models based on the full solution of Maxwell's equation can be utilized [Santos et al., 2010] . In a low induction number condition the effective depth of exploration is independent of EC a , whereas in high induction number condition the depth of exploration decreases with increasing EC a [Callegary et al., 2007] . The electromagnetic forward model for a horizontal and vertical dipole source-receiver combination with an offset q over a multilayered earth can be written as:
In these expressions, EC HCP a and EC VCP a , correspond to apparent electrical conductivity measured in horizontal and vertical coplanar mode, J 0 and J 1 are the zero-order and first-order Bessel functions, k is the radial wave number, l 0 is permeability of the free space, x is angular frequency and Im represents the quadrature component. The reflection factor R 0 is obtained recursively, beginning with the lowest layer N11, where R N11 50:
and r 0 50, h n is the height, and r n is the electrical conductivity for the n th layer. This formulation assumes that each layer is homogenous with infinite horizontal extent.
The electromagnetic forward model in not based on the low induction number assumption and returns more reliable apparent electrical conductivity values than the standard sensitivity curves of McNeill [1980] . EMI measurements were performed under high induction number conditions (EC a > 100 mS/m) and as a result, the full solution of Maxwell's equation for electromagnetic forward modeling was utilized. Lavoue et al. [2010] and Moghadas et al. [2012] showed that the area below the effective depth range of EMI also contributes to the apparent electrical conductivity. As a result, for reference apparent electrical conductivity calculations (and also calibration) the whole measured conductivity data down to 1.5 m depth was considered. The electrical conductivity below this depth is equal to electrical conductivity of the last layer, which is assumed to be a homogeneous half-space.
Electromagnetic Induction System
The CMD Mini-Explorer was used to measure the EC a in VCP and HCP orientations. Figure 1 shows a schematic of the CMD Mini-Explorer probe having a length of 1.28 m and a diameter of 0.05 m. The probe has to be rotated 90 to change the orientation from VCP to HCP mode. The CMD Mini-Explorer operates at 30 kHz frequency and has three receiver coils with 0.32, 0.71 and 1.18 m distances from the transmitter coil, referred to hereafter as q32, q71, and q118. The manufacturer indicates that the instrument has an effective depth range of 0.5, 1.0 and 1.8 m in the HCP mode, which is reduced to half (0.25, 0.5, and 0.9 m) by using the VCP orientation. As a consequence, EMI using this instrument returns six different apparent electrical conductivity values (utilizing three offsets with two coil orientations) with each corresponding to different depth ranges.
The CMD probe is used in conjunction with a handheld control unit, which is usually connected via bluetooth operating in the GHz band, which does not impact upon the 30 KHz operating frequency of the EMI sensor. The bluetooth connection allows for either a pedestrian hand-held survey or a GPS-enabled sled/ cart mounted survey. The instrument can be setup efficiently within 3-5 min. An internal temperature compensation automatically provides absolute calibration of apparent conductivity data prior to each profile of data collected, which limits drift across the data set. The operational temperature of the instrument is 
210
C to 150 C and the temperature stability is 6 1 mS/m per 10 C change in temperature [GF-Instruments, 2011] . The weight of the CMD Mini-Explorer is 1.8 kg and can be held comfortably in one hand at the optimum probe height of approximately 0.05 m above the ground in order to ensure maximum depth of penetration. The probe height can be adjusted using a telescopic handle when encountering sites of variable terrain or vegetation cover.
Joint Inversion of Multiconfiguration EMI Data
Multiconfiguration EMI measurements contain different information on the subsurface. In the inversion, the subsurface is considered as a two layer problem and the parameter vector b 5 [r 1 , r 2 , h 1 ] is estimated by minimizing an objective function /ðbÞ defined as:
where N is the number of device configurations (six in our case), EC meas a;i and EC mod a;i are the measured and modeled soil apparent electrical conductivity, respectively. The objective function (Equation (5)) relates indirectly with the response function of the multilayered medium to its constitutive parameters. However, as in most electromagnetic inverse problems, this function is highly nonlinear and is characterized by oscillatory behavior and a multitude of local minima. The complex topography of the response surface demands the use of a robust global optimization algorithm. We combined sequentially the global multilevel coordinate search (GMCS) algorithm [Huyer and Neumaier, 1999] with the classical Nelder-Mead simplex algorithm (NMS) [Lagarias et al., 1998 ] to estimate the unknown parameters. A similar optimization approach has been used in other geophysical investigations [Jadoon et al., 2011; Moghadas et al., 2010] . The proposed inversion scheme is computationally inexpensive, as the electromagnetic forward model needs 0.12 s of computational time in MATLAB using a laptop with 2 GHz processor and 4 GB of RAM. It can be easily applied to field-scale EMI measurements and for large-scale multiconfiguration EMI measurements the code can also be parallelized [von Hebel et al., 2014] .
The objective function in equation (5) was successfully used by Mester et al. [2011] , who proposed a two step inversion approach to estimate the two-layer conductivity of a single transect by using multiconfiguration EMI measurements. In the first step, a global optimization algorithm was used to evaluate the misfit functions using a local-sensitivity model [McNeill, 1980] , which is valid under the low induction number condition. In the second step, the parameters obtained through global optimization are used as a starting point for the local optimization, which is based on the simplex algorithm [Lagarias et al., 1998 ] and uses the full solution of the Maxwell's equation as a forward model.
Experimental Setup
Measurements were conducted at a farm located at Al-Qadeimah, Makkah province, Saudi Arabia. The farm is at a distance of 6 km from the Red Sea coast. The site geology consists of late Tertiary sediments, predominantly sandy loam texture in nature, with a sand content of about 65 %. The top soil at the experimental site is a silty loam and has a silt content that increased from 50% in the top 30 cm layer to 55 % at a depth between 40 and 60 cm. The climate is hot and arid with an average annual temperature of 25 C and an annual rainfall of 55 mm.
Figures 2b and 2c depicts the areal view of the farm, densely surrounded by Acacia trees. Acacia, in general, is the most dominant tree in Saudi Arabia and elsewhere in the Arabian Peninsula [Veseyfitzgerald, 1957] . Acacia leaves and buds are rich in nitrogen and considered to be appropriate for animal feeding, especially for goats and sheep. Most can grow in arid and semi-arid regions, with an average temperature of 40-50 C in summer. Craig et al. [1991] reported that Acacia is one of the most salt tolerant trees and can grow in soils having a mean EC e 900-4160 mS/m in 0-60 cm depth. In arid and semi-arid regions, the high values of EC a are mostly dominated by soil salinity as the salt accumulation in the soil occurs where potential evaporation exceeds irrigation and/or precipitation. Figure 2c shows the area of investigation, with black dots representing the locations where EMI measurements were carried out at 2 m increments along a 40 m transect in a north-south direction. In total, six transects of EMI measurements were conducted to cover an area of 20 m by 40 m. The spacing between consecutive transects was kept constant at a 4 m interval. In the area of investigation, three rows of Acacia trees were irrigated with brackish water by using drip irrigation, with the measured electrical conductivity of the irrigation water (EC w ) being 4200 mS/m. Red circles in Figure 2c show the location of pits used to measure features of the vertical r b soil profile. Along this transect, 10 pits were dug to calibrate the drift in EMI measurement, with the vertical r b profile in each pit determined by using 5TE capacitance sensors (Decagon Devices, Pullman, USA) installed at 15 vertical locations within a depth range of 0.05-1.5 m depth.
Operating at a frequency of 70 MHz, the 5TE sensor is able to measure soil moisture content, bulk electrical conductivity and temperature in almost any soil. EMI and 5TE measurements were performed 8 h after the drip irrigation system was stopped, so that the soil moisture should not be concentrated below the drippers and to give some time to reduce the soil moisture impact due to evaporation, root water uptake and infiltration. The soil moisture measured by the 5TE sensor in pits was in the range of 0.05-0.19. As such, the soil moisture content has a minor impact on the soil electrical conductivity as compared to the soil salinity.
To put the modeled true electrical conductivity r into an agronomic sense, a relationship is needed to relate r to soil salinity. A site specific petrophysical relationship is preferred as it can avoid errors arising from more general petrophysical schemes. To do this, sixteen soil samples were taken over a 0-80 cm depth to estimate the soil salinity. At each soil sample location, the r b was measured by inserting the 5TE sensor horizontally. In the laboratory, soil salinity was estimated by using the method of saturated soil-paste electrical conductivity [Rhoades et al., 1989] . First, distilled water was added to the air dried soil sample (200 g) and stirred to prepare saturated soil-paste. A stage is reached when all the pores in the soil are filled with water and the soil paste glistens as it reflects lights, flows slightly when the paste sample is tipped, and slides cleanly and freely off a spatula. The electrical conductivity of the soil paste sample EC p was measured and a vacuum extraction procedure was used to remove the aqueous solution of the saturated paste. The electrical conductivity of the extracted solution was determined, and is usually referred to as the salinity of the saturated extract EC e . As compared to other dilution/extraction methods, the saturation extract method minimizes the salt dissolution because less water is added [Rhoades et al., 1990] .
Calibration of EMI Measurements
EMI measurements may have a static shift due to instrument calibration. For instance, Lavoue et al. [2010] observed a shift of 3-5 mS/m in EC a after three repetitive EMI measurements along the same transect within 15 min intervals, with the only difference being recalibration of the system at the start of each profile measurement. They proposed a calibration procedure for EMI measurement by using a dipole-dipole configuration of electrical resistivity tomography (ERT) measurements. Calibration of EMI measurements is important when it comes to the quantitative interpretation of electrical conductivity values. In this paper, we used the vertical r b profile recorded in ten pits along the first transect of EMI measurement as an input for an electromagnetic forward model to generate the reference apparent electrical conductivity (EC In order to evaluate the difference between measured and calculated data, the relative root mean square error (rRMSE) is formulated as follows:
where M is the number of measurements and EC 
Results and Discussion
Ground-Truth Measurements
The bulk electrical conductivity of the soil, measured in each of the ten pits as a function of depth by the 5TE sensors, is presented in Figure 3 . The black triangles correspond to the location of pits along this transect (see Figure 2 (c) ). The two dimensional (2-D) profile of r b was constructed by using a cubic interpolation of the 150 capacitance sensor measurements. As can be seen, the infiltration front was recorded in each pit, with the infiltration bulb mostly contained within the top 50 cm of depth. High soil salinity and infiltration patterns at three different locations can be clearly identified. As discussed earlier, the EC a is affected by the soil as a result of salt accumulation in the top soil due to the evaporation process. Field observation confirmed the salt accumulation, as in all pits salt crystals were observed in the top soil. The measured vertical profile of r b in each pit was used in the forward electromagnetic model to calculate EC ref for calibration of the measured EMI data of that location. We compared 5TE electrical conductivity values measured using a frequency of 70 MHz with EMI data measured at 30 kHz. Electrical conductivity of soils with water content of 10% to 30% is frequency independent in the range of 0.5 kHz-5 MHz [Delfino et al., 2009] . Therefore, our approach assumes a frequency independent of soil electrical conductivity for EMI and capacitance sensors. Figure 4a show the relationship between the bulk electrical conductivity measured by using the 5TE sensor and the soil salinity at the same depth. The method used to measure the soil salinity is based on the electrical conductivity of a saturated soil-paste extract as described earlier. The red and black circles represent a single soil sample data collected between 0-10 cm and 10-80 cm depth, respectively. The black circles were used to plot a linear regression line between the measured r b and EC e , which returns a coefficient of Figure 4b shows the plot between EC e and EC p . A typical linear relationship can be observed between EC e and EC p . The circle represent data obtained using a single soil sample that was extracted and diluted successively, as explained earlier. A linear regression line is plotted between EC e and EC p , which returns a R 2 value of 0.993 with a relationship of EC e 5 4.37EC p 1 0.0005 (see Figure 4b ). The relation approaches to 0.0005 intercept point at zero salinity, which demonstrate the utility of the saturated soil-paste extract technique to measure precisely the salinity of the saturated extract EC e . The intercept at zero salinity corresponds to the surface conductivity, which does not depend upon the salinity of the soil solution and upon the water content. Furthermore, Rhoades et al. [1990] reported that the conductivity of course dry soil is 0.000589 dS/m, which is close to what we have observed in our laboratory experiment results.
Temperature Stability of CMD Mini-Explorer
A fixed point drift experiment was conducted over a bare soil using the CMD Mini-Explorer to measure EC a . During measurements, ambient air temperature increased from 26 to 46 C over the approximately 12 h period. Figures 5a and 5b show the ambient temperature and EC a measured on consecutive days for VCP and HCP configuration over time. The instrument was given 1 h to equilibrate with the outdoor ambient temperature before starting measurements. Ambient temperature was recorded at 15 min intervals and the instrument was set up in a continuous measurement mode, with a time step of 20 s. Measured EC a values were very stable for receivers spaced at q71 and q118 during the measurement time period of the VCP and HCP configuration (Figures 5a and 5b) . Drift in the EC a measurement for the q71 and q118 is minor and within the dynamic error range of the instrument (<6 2mS/m per 20 C). At high temperatures, stability to the EC a measurement is due to the internal calibration procedure adopted by the manufacturer [GF-Instruments, 2011]. The EC a response for the q32 spacing showed a maximum fluctuation of 5 mS/m for the VCP and HCP configurations. The cause of this drift comes primarily from the sensitivity of the q32 to the soil moisture and soil temperature changes at shallow depth (0-50 cm). Overall the drift in the measurement of EC a for all six configurations is negligible in the high temperature conditions of the study environment.
The measurement of EC a with the CMD Mini-Explorer is very stable at high temperature as compared to other instruments previously used in the field. For instance, the Geonics EM38 system has been used extensively in the last three decades and Robinson et al. [2004] showed that when the internal temperature of the EM38 rises above 40 C, the instrument provides unexpected responses, with the EC a increasingly underestimated. Furthermore, they reported that such drift is caused by a combination of placement of temperature compensation sensors and instrument factors that come down to circuit design and soil performance under heating. from 23 to 35 C over an 8 h period and EC a increased from 32.2 to 42.3 mS/m, which represents a more than 25% drift. In such cases, temperature correction is applied using in situ measurement of vertical temperature profile within 1 meter depth to standardize field measured EC a values by conversion to an equivalent electrical conductivity at a reference temperature of 25 C. As the CMD Mini-Explorer measurements are stable at high temperature there was no need to measure the vertical temperature profile in a pit for temperature correction. The DUALEM-1S system is less temperature sensitive compared to EM38-DD, with a maximum drift of 5.0 % (5.7 mS/m) observed [Abdu et al., 2007] . Figure 6 shows a scatter plot of measured and reference apparent electrical conductivity in HCP and VCP configuration with different offsets. The right column shows the HCP mode and the left column shows the VCP mode with increasing coil spacings, q32, q71 and q118, from top to bottom. In all cases, the HCP and VCP results do not match the 1:1 (black solid) line, indicating the need for calibration of EMI measurements. The deviation from the 1:1 line shows EC decrease in rRMSE due to the calibration can be observed. In particular, for the HCP q32 and VCP q118 configurations, the errors have been significantly reduced compared to the other configurations. These combined shift and scaling calibrations were applied to all the measured EC a in the grid (see Figure 2c ).
Calibration and Inversion Results
The measured, reference and calibrated apparent electrical conductivity values along the 40 m long transect are compared in Figure 7 . The black triangles correspond to the location of the pits along the EMI transect, which were used for calibration of EMI measurements. It is notable that the three peaks show the location where drippers are used to irrigate the Acacia trees with brackish water (Figure 2c ). The electrical conductivity decreases with depth as the salt concentration and soil moisture reduces with depth. As discussed earlier, soil moisture has less of an impact on the EC a measurements as compared to the soil salinity. As a result, apparent electrical conductivity measured for all VCP configurations are higher than HCP, because VCP is sensitive to the shallow depth. multiconfiguration EC cal a measurements were inverted for a two-layer medium and later interpolated by using cubic convolution to obtain the vertical section of true modeled conductivity r. For all inversions, the optimization parameter space was set relatively large, covering the whole range of values used for low and high electrical conductivity of soil; namely, 0 <r 1 < 3000 mS/m, 0 <r 2 < 3000 mS/m, and 0.01 < h 1 < 1.5 m. The stopping criterion for the inversion was specified with respect to the convergence criterion in which an optimum was assumed to be reached when the objective function did not improve by more than 0.01% in 20 successive evolution loops. The soil salinity and the effect of infiltration patterns due to the drip irrigation can also be observed in the 2-D electrical conductivity plot obtained by EMI inversion. Inversion of multiconfiguration EC cal a data shows that the main structures and quantitative soil electrical conductivity values can be obtained and are in a good agreement with those derived by pit-based sensor measurements (Figure 3) . Moreover, in the 2-D depth section of the soil electrical conductivity obtained by in situ 5TE measurements (Figure 3 ) or EMI inversion (Figure 8 ), it is difficult to discriminate the relative contributions of soil salinity, soil heterogeneity (e.g., texture) and soil moisture content. To reduce the effect of soil moisture, EMI and 5TE measurements were performed 8 h after the drip irrigation system was stopped. The soil salinity dominates other factors (i.e., soil moisture or soil texture), which effects EC a measurements. As such, a field specific relationship was established between the soil electrical conductivity and soil salinity.
Figures 9a-9c present depth against modeled r obtained from the joint inversion of multiconfiguration EC cal a measurements and the measured vertical profile of r b from the 5TE sensors in three pits: numbered 1, 6, and 9 (see Figure 2c) . The profile of modeled r was chosen from the interpolated 2D depth section of r obtained in Figure 8 , exactly at the 15 depths where r b were measured in the pits. In Figure 9 , three different trends of r b can be observed in the top 50 cm depth. In pit 1, a decreasing trend from high to low values of r b was found. Fluctuating conductivity trends were measured in pit 6 with low r b in the top few cm, while a high to low conductivity trend was observed in pit 9. In all of the three trends of r, the intersection between the high and low conductivity at a depth of 50 cm was well estimated from EMI measurements. The subsurface model was considered as a two layer medium for the joint inversion of multicomponent EMI measurements, so the trend of the conductivity variations in the top 50 cm of pits 6 and 9 were not well retrieved in modeled r (Figures  9b and 9c) . Complex distribution patterns of soil salinity and brackish water from a dripper, soil heterogeneity, and different sensing depth of sensors may cause the observed discrepancies. Comprehensive studies are required to investigate the uncertainty for multilayer earth models in a joint inversion scheme. Time-lapse EMI measurements can be performed to investigate the dynamics of the soil electrical conductivity and relate these to the soil salinity and water content distributions patterns [Robinson et al., 2009; Franz et al., 2011] . marker represents the inversely estimated parameters by the GMCS-NMS optimization algorithm. Response surface analysis of the objective function is important as it provides valuable insight into the uniqueness of the inverse solution and the sensitivity of the model to the different parameters, as well as any parameter correlations [Moghadas et al., 2013] . Each surface shows a well-defined global minimum, partially illustrating the uniqueness of the solution for the given experimental design. In Figure  10 , all the response surface parameters are negatively correlated to each other. The banana shaped contour plot in the r 1 2h 1 space suggests negative correlation between these parameters, which is not informative for their estimation. The r 1 2r 2 and r 2 2h 1 response surfaces exhibit a small elliptical shape showing negative correlation with a clear global minimum. with the HCP rho 5 0.71 (m) measurements, which are smaller (i.e., < 1,000 mS/m). The VCP configuration having q32 is sensitive to a 0.25 m depth and gives the largest r a (>1500 mS/m). Furthermore, EMI measurements using the HCP mode with 1.18 m inter-coil spacing presents r a < 750 mS/m. Since this configuration corresponds to 1.8 m effective penetration depth, it indicates that the brackish water did not infiltrate to a greater depth. Figure 12 shows the spatial distribution of soil salinity derived from the estimated r of six transects of EMI measurement. The soil salinity EC e was estimated using the linear relationship established between r b 2EC e measurements ( Figure 4a ). As noted earlier, the brackish water used to irrigate the Acacia trees was very saline, having high electrical conductivity (4200 mS/m). The effect of the brackish water infiltration from the drip irrigation system can be observed in the map of soil salinity obtained from the EMI data, with the three rows of high soil salinity indicating both the location of Acacia trees and also the infiltration front of the brackish water. The soil salinity and infiltration front ranges from 0.01 to 0.5 m depth. Results indicate that the quantitative analysis of the joint inversion of multiconfiguration EMI measurement using a full solution of Maxwell's equation permits the estimation of soil salinity caused by the brackish water infiltration. In the field Acacia threes roots were concentrated in the top 70 cm of soil and the low soil salinity below 30 cm (in Figure 12) shows that Acacia is capable of extracting salt solutions and reduces subsoil salinity. The results of this study provide detailed knowledge of the distribution pattern of soil salinity along different Acacia trees. In a next step time-lapse EMI measurements can be performed for better soil and water management practices.
Conclusions
Ground-based EMI methods can be used to determine boundaries of soil salinization in irrigated agricultural land. We investigated the ability of a new electromagnetic system, the CMD Mini-Explorer, to estimate soil salinity in a drip irrigation system using joint inversion of multiconfiguration EMI data. A field experiment was conducted in a farm where Acacia trees were irrigated with brackish water. Inversion results show that the depth of the infiltration front was well retrieved by considering a two-layer subsurface model. Differences were observed between the vertical bulk electrical conductivity profile measured with 5TE sensor and modeled electrical conductivity by EMI inversion. Discrepancies may originate from different sensing depth of sensors, soil heterogeneity, and complex distribution pattern of brackish water from drippers. The CMD Mini-Explorer readings over time were quite stable and the probe was less temperature sensitive and did not require field-specific temperature correction. The tested approach enables the quantitative mapping of spatial electrical conductivity variations and can be used for soil salinity management. Moreover, joint inversion results provide conductivity variations with respect to the depth, which offers additional information as compared to traditional apparent conductivity imaging. Further research is needed to investigate the uncertainty resulting from different sources in the joint inversion: namely, pure measurement error (e.g., instrumental calibration and human error) and the modeling error (e.g., introduced by the petrophysical relationship and due to deficits in the electromagnetic model).
